INTRODUCTION
The liver plays a key role in the maintenance of nitrogen homeostasis through the regulation of urea synthesis and delivery of amino acids to peripheral tissues [31] . This regulation was demonstrated by the increased hepatic removal of histidine, methionine, phenylalanine representing 50 to 87% of their increased portal absorption during the mesenteric infusion of a mixture of amino acids in late gestation dry dairy cows [48] . For these amino acids, their postsplanchnic supply matches closely their milk output in lactating cows [30] and their ratio of milk output to mammary uptake is close to unity [36] . Consequently, by-passing the liver when infusing amino acids could enhance mammary gland metabolism and milk protein synthesis.
Comparison of results from different experiments appears to support this hypothesis. Jugular infusions of essential amino acids resulted in an average daily increase of 2.9 g protein . kg -1 milk and 104 g protein secreted [34, 37, 39] . Abomasal or duodenal infusions of essential amino acids resulted in daily increments of 1.4 g protein . kg -1 milk and 60 g milk protein secreted [1, 15] .
However, the impact of hepatic removal of amino acids, which appeared very high relative to the portal absorption, appears more limited when the hepatic extraction is calculated relative to total inflow. For example, hepatic removal of methionine and phenylalanine averaged, respectively, 35.7 and 44.5% of portal absorption, but only 7.8 and 9.3% of total hepatic inflow [4] . The consideration of both, the amino acids absorbed and their consecutive mix-up with the animal pool, which represents a bulk amino acid pool within the animal, could moderate the impact of their first-pass metabolism on their arterial concentration and their following utilization by the udder.
The present experiment was therefore carried out to determine if the first-pass splanchnic metabolism of amino acids would affect their peripheral supply and subsequently, milk protein secretion.
MATERIALS AND METHODS

Animals and management
Six cows, three in their 1st and three in their 2nd lactation, were used. First and second lactation cows were chosen to avoid backflux of non-mammary blood into the mammary vein that occurs in cows in their 3rd or higher lactation [44] . Cows were, on average, at 84 days in milk (SEM 19) at the start of the experiment. They were housed individually in tie stalls and milked twice daily at 8h00 and 16h00. A total mixed ration was fed in eight equal meals daily by mean of automated feeders to achieve a nutritional steady state. The amount of feed offered was adjusted individually to 95% of pre-experimental ad libitum intake to ensure constant feed intake. production laitière de 0,80 kg en comparaison à la perfusion abomasale, mais la sécrétion des protéines dans le lait n'a pas été modifiée. La perfusion jugulaire tendait à augmenter (P = 0,06) la concentration artérielle des acides aminés essentiels totaux de 11 % relativement à la perfusion abomasale. Le débit plasmatique mammaire et les flux nets des acides aminés et du glucose n'ont pas été affectés par les sites de perfusion. La variation de la concentration artérielle des acides aminés essentiels suggère que le métabolisme splanchnique modifie l'approvisionnement périphérique en acides aminés, cependant, la recirculation des acides aminés a diminué l'impact du premier passage dans le tissu splanchnique sur les performances laitières.
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Response to amino acid infusion sites in dairy cows represented 14 and 4% of daily crude protein and NE L requirements [40] , which were formulated to provide, in combination with the diet, 100% NE L and less than the recommended NRC [40] protein requirements. This protein deficiency was to allow any responses to be differentiated between the two infusion sites, as the amino acids infused into a jugular vein were assumed to provide more amino acids directly to the mammary gland than the abomasal infusion, avoiding the first-pass extraction by the splanchnic tissues. The nutritional equilibrium of cows during the infusion was finally 85 and 94% of crude protein and NE L requirements [40] . The mixture of amino acids did not include asparagine, aspartate, cystein, glutamine, and tyrosine given solubility and stability problems. Mixed amino acids were dissolved in 3.975 L of sterile water at 60-70 °C and the pH adjusted to 7.40 using monobasic sodium phosphate (Sigma-Aldrich Canada Ltd, Oakville, ON). Osmolarity was adjusted to 300 mOsmol . L -1 (150 mM) using sodium chloride. The solution was sterilized through vacuum filters, 0.2 mm
Protein deficient diet and amino acid solution
The basal diet consisted of a total mixed ration composed, on a dry matter basis, of 30.6% of grass silage, 30.6% of corn silage, 36.6% of barley, 0.42% of soybean meal, and 1.78% of mineral and vitamin mix. Dry matter content of silages was determined once a week to maintain a constant ratio of ingredients on a dry matter basis. The basal diet was initially formulated to meet 70 and 96% of daily crude protein and energy requirements [40] . However, using average feed analyses and animal characteristics after the experiment showed that the basal diet provided rather 71 and 90% of daily crude protein and net energy of lactation (NE L ) requirements (Tab. I, [40] ).
The amino acid solution infused contained fifteen L-amino acids (Degussa Hüls, Ham, France) with an overall composition similar to the profile of microbial protein (Tab. II, [2, 13, 14, 16, 27, 35] pore size (VacuCap ® 60, Gelman Sciences, Ann Arbor, MI), into an amber bottle stored at 4 °C until infusion. Each solution was prepared one or two days before the infusion day.
Surgeries, experimental plan and procedures
Surgeries
Surgeries were conducted at least 30 d before the experiment began and were approved by the Research Centre Institutional Animal Care Committee. Animals were treated according to the Canadian Council on Animal Care [11] guidelines. Under general anesthesia, chronic catheters were implanted in the abomasum, the mesenteric vein, and a mesenteric artery. Catheters used were made of Tygon ® (Norton Performance Plastics, Akron, Ohio) and 17 G catheters were placed in an artery and a mesenteric vein while a 19 G catheter was inserted into the abomasum. Catheters were exteriorized on the back of the animal and covered with a sterile gauze pouch. A carotid artery was elevated subcutaneously to provide an alternative source of blood would the arterial catheter fail. A sampling catheter (19 G) was placed in the lateral branch of the cranial mammary vein 24 h before blood sampling.
Experimental plan
This experiment was designed initially to quantify the impact of the intestine, the liver and total splanchnic tissues on mammary gland metabolism. Infusions were planned into the abomasum, a mesenteric vein, and a jugular vein for pre-intestine, post-intestine/pre-liver, and post-liver supply of the amino acid mixture, respectively. Treatments were allocated according to a replicated 3 ´3 Latin square design, one 4 Total nonessential 173. 6 41 injection of oxytocin (Ocytocin Injection U.S.P., Sanofi Santé Animale Inc., Victoriaville, QC, Canada). Blood was then sampled simultaneously from the artery and the mammary vein, beginning 30 min after the morning milking and performed every 30 min over a 8-h period. Immediately after the last blood sample, the evening milking was performed and completed with an intravenous 10 IU injection of oxytocin to remove residual milk. The arterial concentrations of amino acids while cows were receiving the protein deficient basal diet were also determined on the last day of the pre-experimental period using procedures similar to those described above. Blood samples were kept on ice until further processing.
Chemical analyses
Milk, feed and urine
Milk was analyzed for N (crude protein = N ´6.38) using a Leco analyzer (FP-428 N; Leco Corp., St. Joseph, MI). Freeze-dried samples of silages, concentrates and orts were analyzed for N using Kjeldahl (crude protein = N ´6.25) and ash according to standard procedures [3] . Feed fiber fractions (NDF and ADF) of silages were analyzed according to Van Soest and Robertson [46] . Acidified samples of urine were analyzed individually for total N using the micro-Kjeldahl method (Tecator 1030, Höganäs, Sweden). Urea-N was analysed using an automatic analyzer (Technicon Autoanalyser II, Technicon Instruments Corporation, Tarrytown, NY), as described previously [23] .
Blood samples
Immediately after sampling, packed cell volume was determined using the microhematocrit method [43] . Plasma was obtained from centrifugation of whole blood at 3000 rpm for 15 min at 4 °C. For each sample, separate portions of plasma were frozen (-20 °C) for subsequent amino acid, glucose, and insulin analyses. square for 1st lactation cows and one square for 2nd lactation cows. Each experimental period lasted 7 d, where the last 5 d were used for the continuous infusion of the amino acid mixture. An infusion period of 5-d was considered adequate because the milk protein response of the mammary gland occurs within 24 h [39] .
Unfortunately, during the mesenteric infusion of amino acids, several cows appeared disturbed and stopped eating. This treatment, therefore, was discontinued. Also, the abomasal catheter of a second lactation cow failed and this cow was removed from the experiment. The experimental design was therefore reorganized as a complete block design involving five cows, three in their first and two in their second lactation representing five blocks with two treatments, abomasal and jugular infusions. These two treatments were repeated on two of the five cows because they did not fully recover their dry matter intake in the period following infusion into the mesenteric vein.
Experimental procedures
Cows were adapted to their basal diet for 3 weeks prior to the experiment. Throughout the study, feed intake and milk yield were recorded daily. Orts were sampled and pooled in proportion to daily amounts. Milk was sampled on the last 3 d of the pre-experimental period, where cows received 71% of their crude protein requirements, and during each infusion period where they received 85% of crude protein requirements. A total collection of urine was performed over the last 3 d of each infusion period. Approximately 150 mL of concentrated H 2 SO 4 was needed to maintain urine pH below 3 for 20 L of urine. Samples of milk and urine were kept frozen at -20 °C until analyses. Body temperature was taken twice daily during the experiment; no antibiotic was added to the intravenous infusion solution.
On the morning of the 5th infusion day, after the morning milking, the residual milk was removed using an intravenous 10 IU 5 Before analyses, four consecutive plasma samples were pooled by volume to yield four 2-h pooled samples for the various chemical analyses. For amino acid concentration, 200 mL of norleucine (0.5 M) were added to 1 mL of plasma and the mixture was deproteinized with 25 mg sulfosalisylic acid. The supernatants were analyzed by ion-exchange chromatography with ninhydrin as the colorimetric reagent (LKB 4400 Amino Acid Analyser, LKB Biochrom Ltd, Cambridge, UK). Plasma glucose was determined using an enzymatic assay (Boehringer Mannheim kit #166391, Dorval, QC, Canada). Plasma insulin concentration was determined using double antibody RIA as described by Lapierre et al. [28] . Inter and intra-assay coefficients of variation for insulin were 6.6 and 13.2%, respectively.
Calculations
Mammary extraction rate for a given nutrient was calculated as the plasma arteriovenous concentration difference (AV) across the udder, divided by the arterial concentration. Mammary plasma flow (MPF) was estimated according to the Fick principle using paired milk and plasma samples. A correction factor of 3.5% for blood-borne proteins secreted directly in milk was applied (MPF = ((milk Phe + Tyr) ´0.965)/ (AV Phe + Tyr) [12] ). Average literature values for milk protein concentrations of phenylalanine and tyrosine were used [24] .
Mammary plasma net fluxes of nutrients were calculated by multiplying the arteriovenous concentration difference by the plasma flow. Mammary amino acid uptake to output ratios were calculated as the plasma net flux of a given amino acid divided by the amount secreted in milk for the same period.
Statistical analyses
The mean treatment effects of the abomasal and jugular infusion site for the various parameters were analyzed according to a complete block design using GLM procedures of SAS [41] . Individual cows were considered as blocks and treatment effects were included in the model. Means and pooled standard error of the means are presented in tables. Probability P ² 0.05 was considered significant and 0.05 < P ² 0.10 was considered as a trend unless otherwise noted.
Pre-study milk and crude protein yields, when cows were offered 100% of their crude protein requirements, were subtracted from the values from the pre-experimental period where 71% of their crude protein requirements were met. This result was tested for the difference from zero using the Student's t-test according to SAS [41] . A similar statistical test was performed to compare the lactational performances resulting from the jugular and abomasal infusions with those from the pre-experimental period (71% crude protein). Arterial amino acid concentrations during the pre-experimental period (71% crude protein requirements) were subtracted from the values observed during both amino acid infusions and the difference from zero was tested similarly using the Student's t-test.
RESULTS AND DISCUSSION
Animal performances
Dry matter and crude protein intake remained similar throughout the experiment (Tab. III). The jugular infusion of amino acids increased (P = 0.01) milk yield by 0.8 kg . d -1 in comparison to the abomasal infusion. However, the jugular infusion did not increase milk protein content or yield in comparison with the abomasal infusion. This contrasts with observations made from the comparison of separate experiments, which used cows at similar lactation status and similar protein deficient diets. These results suggest that milk protein yield in response to additional essential amino acid supply would be greater with jugular than 6 results in a modification in milk yield without any alteration in milk protein concentration.
The protein restriction induced by the transition from 100 to 71% crude protein requirements during the pre-experimental period tended to decrease the daily milk and crude protein yields from 26.8 to 24.8 kg (SEM 1.20; P = 0.07) and from 894.2 to 838.9 g (SEM 38.0; P = 0.09), respectively. This indicates that the protein deficient diet did cause a limitation on lactation performances. However, when milk productions resulting from both infusions are compared with the pre-experimental period, milk yield remained similar to the pre-experimental production (24.8 kg) when the amino acids were infused into the abomasum (25.1 kg) but the post-splanchnic delivery of amino acids numerically increased (P = 0.16) milk yield by 1.1 kg (Tab. III). Therefore, the low responsiveness of the cows to the amino acid infusions does not totally rule out the impact of the first pass across the liver. abomasal infusions. Briefly, the jugular infusions of 208 to 312 g of essential amino acids in cows fed 11.7 to 14.5% crude protein diet at 11 to 30 weeks post-partum resulted in an average increase of 2.9 g protein . kg -1 milk and 104 g protein secreted in milk per day [34, 37, 39] . Whereas, with abomasal or either duodenal infusions of 208 to 468 g of essential amino acids in cows fed 14.0 to 14.4% crude protein diet at 11 to 28 weeks post-partum, milk protein content and yield increased by 1.4 g . kg -1 milk and 60 g protein daily, respectively [1, 15] . Complementary to these experiments, the infusion of essential amino acids into the abomasum or a mesenteric vein resulted in similar milk protein contents and yields [1] . Such observations enabled therefore the suggestion that the liver was the tissue controlling amino acid peripheral appearance and would limit their subsequent use for milk protein synthesis. The current results, however, suggest, that infusing essential and non essential amino acids post-splanchnic in cows having a protein deficiency 7 
Urinary N
Jugular supply of amino acids decreased (P = 0.04) the daily urine volume by 12% compared with the abomasal infusion (Tab. III). This was offset by a rise (P > 0.10) in urinary nitrogen content, such that similar urinary N excretions were maintained for both sites of infusion. The removal of N components not directly involved in amino acid catabolism from the urinary N pool, by focusing on urea-N excretion, provides a similar conclusion (Tab. III). It is known that cows underfed in protein excrete less urinary N [17, 49] given both reduced absorption of ammonia and decreased hepatic catabolism of amino acids [29] . In the present study, the protein deficiency occurring with ingested protein plus infusions of amino acids was planed to ensure that any difference between infusion sites would not be masked by an excess of protein, creating a maximal response situation. However, the similar urinary N and urea-N excretion for both infusion sites suggests that an adaptation of cows to a protein deficiency may have reduced the impact of the liver catabolism of amino acids infused into the abomasum. Thereby, the difference in urinary N as well as urea-N excretion between the abomasal and the jugular infusions of amino acids may have been reduced.
Amino acid arterial concentrations
The arterial concentrations of methionine and histidine during the pre-experimental period were 12 and 19 mM, respectively (Tab. IV). In well-fed lactating cows, concentrations ranged from 16 to 20 mM for methionine and from 42 to 57 mM for histidine [21, 33, 38] . Thus, the low protein diet induced methionine and histidine concentrations that were 30 and 60% lower than expected in well-fed animals. This again suggests that these amino acids were in insufficient supply relative to requirements based on the concept that low free amino acid concentrations in arterial plasma reflect an imbalance between dietary and endogenous input versus tissue removal [7] . When methionine was supplied with both infusions, only a small increment in arterial concentration occurred compared with the preexperimental period, suggesting that its requirement was still not met with infusions. In contrast, histidine arterial concentrations increased (P < 0.05) from 19.0 to 35.9 mM during the infusions of amino acids. These observations suggest that methionine was more limiting under the experimental conditions. Infusion of the other essential amino acids increased (P ² 0.10) the arterial concentrations in respect to the pre-experimental period. Lysine, threonine, and valine showed lower increments than other essential amino acids. Among the nonessential amino acids, glutamate and alanine concentration showed a significant decrease (P < 0.05) during the abomasal and the jugular infusions compared with the pre-experimental period. Aspartate, glutamine, and tyrosine concentrations followed similar numerical trends.
The jugular infusion of amino acids, in respect to the pre-experimental period, increased (P = 0.02) total amino acid concentration in arterial plasma whereas the abomasal infusion did not increase it to a significant extent. Both infusion sites of the amino acid mixture increased (P < 0.01) the arterial concentration of the total essential amino acids in comparison to the pre-experimental period. In contrast, the arterial concentration of total nonessential amino acids tended to decrease (P = 0.10) with the abomasal infusion but not with the jugular infusion, in respect to the pre-experimental period (Tab. IV). Low essential:nonessential amino acid concentration ratios are characteristic of feeding inadequate amount of protein [8] and will increase when protein balance is improved [8, 18, 26] . This ratio increased (P < 0.01; Tab. IV) in response to both abomasal and jugular infusions in the present experiment. It has been hypothesized that the increase in arterial concentration of nonessential amino acids when 8 (P = 0.06; Tab. IV) with the jugular infusion, in respect to the abomasal infusion, with leucine and isoleucine increment reaching a tendency (P = 0.07). Therefore, the first-pass through the splanchnic tissues of essential amino acids infused into the abomasum caused a 11% decrease in their arterial concentration relative to the jugular infusion. The total arterial concentration of essential amino acids would be more sensitive than milk protein output to assess the protein intake is low, allows the animal to compensate for the decline in essential amino acid concentrations, by conserving the a-amino N group within the body [20] . Overall, according to the current results, animals were in a protein deficiency during the pre-experimental period and their N status was improved by infusions.
The summation of arterial concentration of essential amino acids tended to increase 9 Table IV . Arterial concentrations of amino acids (mM) occurring when either cows were fed 71% crude protein requirements during the pre-experimental period (pre-exp) or when they received either an abomasal (Abo) or jugular (Jug) infusion of fifteen amino acids (AA) 1 effect of liver metabolism on peripheral delivery of amino acids. The magnitude of the impact of splanchnic metabolism would then be in accordance with the hepatic removal of essential amino acids relative to their total hepatic supply rather than relative to new input into the body as absorbed amino acids.
Glucose metabolism
Arterial glucose concentrations were greater (3.09 to 3.42 mM; SEM = 0.08; P = 0.04) during the jugular infusion, but arterial insulin concentration was unaltered (0.607 ng . mL -1 ; SEM 0.084). This increase in glucose availability may relate to the 0.8 kg extra milk production occurring with the jugular infusion. Infusion of amino acids into the abomasum involved their transit across the intestinal tissues which extensively utilize nonessential amino acids in lactating cows [9] , thus decreasing their delivery to the liver. In consequence, the abomasal infusion would reduce the amounts available for gluconeogenesis in the view of the fact that non-essential amino acids are important precursors of glucose in ruminants [10, 47] . Unaltered milk yield and glucose concentration following abomasal or duodenal infusions of amino acids or casein in cows well fed in protein have been reported [19, 32, 42] . All together with the current results, this suggests that gluconeogenesis from non-essential amino acids may be stimulated by amino acid infusions when cows are fed below their protein requirements.
Mammary metabolism
Infusion sites had no effect on arteriovenous concentration difference as well as on the extraction rate for either glucose or amino acids across the mammary gland (data not presented). Calculated mammary plasma flow was not affected by infusion sites, and net fluxes of amino acids and glucose were similar between treatments (Tab. V). Simi-larly, the infusion sites did not modify the efficiency of utilization of essential amino acids for milk protein synthesis (uptake to output ratio; Tab. V). The amounts of methionine and histidine extracted from plasma were less than secreted in milk. Therefore, alternative sources for these two amino acids must be involved, e.g. delivery from red blood cells [33, 45] or from peptide breakdown. The putative contribution from peptides to milk phenylalanine and tyrosine has been shown to increase as the arterial supply of the free amino acids decreased in lactating goats [5] . In the current study, therefore, the peptide contribution to milk methionine and histidine may be a consequence of their low arterial concentrations as a free source. Similarly, the mammary net uptake of phenylalanine and tyrosine could have partially been provided by plasma peptides. However, this occurrence appears less likely in the current study given that the variation in the arterial concentration of phenylalanine does not exhibit a limiting amino acid pattern as observed for methionine and histidine. A similar argument cannot be made for tyrosine given that the arterial concentrations of most non-essential amino acids were not altered by infusions. However, in the circumstance that milk phenylalanine and tyrosine would have been partially provided by peptides, therefore the mammary plasma flow would be overestimated.
The present results also show that the arterial limitation in methionine did not affect mammary blood flow as observed when histidine severely limited milk protein synthesis [6] . Such mammary arterial blood flow adjustment has also been observed when methionine was limiting milk protein synthesis [22] . Comparison between experiments suggests that the udder adjusts blood flow according to the extent of the arterial limitation, requiring mammary arterial blood flow adjustment with severe histidine limitation [6] and adapting to less severe limitation in histidine by increasing mammary extraction rate [25] . when intestinal metabolism is first bypassed. The jugular infusion of amino acids increased arterial concentration of total essential amino acids by 11% in comparison to the abomasal infusion, suggesting an impact of liver metabolism on peripheral delivery of amino acids in the magnitude of the ratio of liver removal relative to total influx rather than relative to portal absorption. Therefore, recirculation of amino acids would reduce the importance of first-pass splanchnic metabolism of amino acids at least in terms of the mammary arterial
CONCLUSIONS
The influence of splanchnic metabolism on milk protein secretion was investigated by comparing the response of lactating cows to an amino acid mixture infused into the abomasum or a jugular vein. Milk crude protein content and yield were similar for both infusion sites. The increment of arterial plasma glucose during the jugular infusion would likely explain the modest increase in milk yield and could be related to increased availability of non essential amino acids 11   Table V . Mammary plasma flow (L . h -1 ), net flux (mmol . h -1 ) and uptake to output ratio of amino acids and glucose in cows receiving an abomasal (Abo) or jugular (Jug) infusion of fifteen amino acids 1 .
Net flux
Uptake: output ratio supply of amino acids. Mammary plasma flow and amino acid net fluxes were not altered by treatments, suggesting that the mammary metabolism remained unaffected by this range of change in arterial supply.
